Background: Homologous recombination deficiency (HRD)-causing alterations have been reported in triple-negative breast cancer (TNBC). We hypothesized that TNBCs with HRD alterations might be more sensitive to anthracycline plus cyclophosphamide-based chemotherapy and report on HRD status and BRCA1 promoter methylation (PM) as prognostic markers in TNBC patients treated with adjuvant doxorubicin (A) and cyclophosphamide (C) in SWOG9313.
Introduction
Adjuvant chemotherapy reduces the risk of distant recurrence and death in patients with triple-negative breast cancer (TNBC).
Even so, approximately 20%-40% of patients with early stage TNBC develop metastatic disease [1] [2] [3] . The dearth of reliable response/resistance biomarkers for standard chemotherapy has slowed the development of newer agents for TNBC. Ideally, robust tumor biomarker tests would provide insight into which TNBC patients are likely to do well with anthracycline/ cyclophosphamide (AC)-based adjuvant chemotherapy or, alternatively, may provide insight into mechanisms of resistance to this strategy and identification of alternative treatment approaches.
Homologous recombination (HR) is a DNA repair mechanism responsible for repair of double-strand breaks (DSBs). BRCA1/2 genes, along with other Fanconi anemia (FA) pathway genes (RAD51D, NBN, ATM, etc.), are key components of HRmediated DNA repair. Germline BRCA1/2 mutations are prototypic molecular alterations that confer HR deficiency (HRD) and sensitivity to DNA-damaging therapy [4, 5] .
Inherited and acquired defects in HR might serve as response biomarkers or as therapeutic targets in breast cancer. To this end, development and clinical evaluation of platforms to identify HR defects are of interest, especially in TNBC, as this subtype is considered enriched for HR pathway deficiency [6] [7] [8] . Approximately 10%-20% of TNBC patients harbor germline BRCA1/2 mutations, and another 3%-5% demonstrate somatic BRCA1/2 mutations [9, 10] . However, DNA repair capacity in the tumor may be altered through other mechanisms, such as somatic or germline mutation in other FA pathway genes, DNA methylation or attenuated mRNA expression. Hypermethylation of the BRCA1 promoter has been proposed as one of the mechanisms for silencing BRCA1 expression in sporadic TNBC, and this epigenetic inactivation of BRCA1 is associated with a gene expression profile similar to that of inherited BRCA1 mutationassociated breast cancer [9, [11] [12] [13] . Employing more global measures, rather than relying on documented changes in specific genes, may identify more patients with HR deficiency. The HRD score is an algorithmic assessment of three measures of tumor genomic instability (loss of heterozygosity, telomeric allelic imbalance, and large-scale state transitions) [6, 14, 15] . High HRD scores have been shown to be significantly associated with defects in BRCA1/2 and are associated with sensitivity to neoadjuvant platinum-based chemotherapy in TNBC [6, 16, 17] .
We postulated that DNA repair deficiency phenotype can be caused and measured in different ways and could affect response to DNA-damaging or repair-inhibiting therapies like doxorubicin (which induces DNA DSBs) and cyclophosphamide (an alkylating agent which causes DNA crosslinks leading to DSBs). In this study, we sought to determine whether the HRD score and other related markers are prognostic in early stage TNBC patients who participated in SWOG adjuvant trial S9313 (Intergroup Protocol 0137). We hypothesized that HRD status and BRCA1 promoter methylation (PM) would be prognostic in TNBC patients treated with adjuvant AC.
Methods Patients
Patient selection, assay performance, and data analysis are reported according to the REMARK criteria [18] . Breast tumor specimens prepared from paraffin blocks collected prospectively from S9313 participants were used for this study. In S9313, patients with either high-risk node-negative or low-risk node-positive breast cancer were randomly assigned to one of two equivalent dose schedules of doxorubicin (A) and cyclophosphamide (C) chemotherapy [19] . There was no difference in disease-free survival (DFS) or overall survival (OS) for patients treated on the two arms [19] . Details of the study population and treatment schedule are provided in the supplementary, available at Annals of Oncology online.
Estrogen receptor (ER) and progesterone receptor (PR) were determined both locally and centrally (Allred scoring method; ER and PR Allred score of 0 was considered negative). Human epidermal growth factor receptor 2 (HER2) was determined centrally by FISH and immunohistochemistry [20] . TNBC was defined as ER-and PR negative (on both local and central review) and HER2-negative in accordance with the 2013 ASCO-CAP HER2 testing guidelines [21] . Laboratories performing the biomarkers were blinded to patient clinical and outcome information.
Tissue processing. Genomic DNA and RNA were isolated using standard techniques and commercially available kits in research laboratory according to CLIA protocol (described in supplementary, available at Annals of Oncology online).
HRD status. Custom enrichment panel and next-generation sequencing were used to generate genome-wide single nucleotide polymorphism profiles from which the three components of the HRD score are calculated [6] . The panel also includes probes targeting the complete coding region of BRCA1 and BRCA2. A detailed description of the assay panel design, sequence alignment, and mutation detection methods has been published previously [6] . Mutations were only included in the analysis if classified as deleterious or suspected deleterious. HRD status was classified as positive if there was either a mutated tumor BRCA1/2 or a predefined HRD score 42 [17] HRD was classified as negative if HRD score was < 42 and tumor lacked deleterious BRCA1/2 mutation. HRD status could not be determined if HRD assay failed and tumor BRCA1/2 analysis was either negative or failed [17] . Additional details are provided in the supplementary Material, available at Annals of Oncology online.
BRCA1 PM. BRCA1 PM was assessed following bisulfite conversion of genomic DNA followed by methylation-specific PCR and agarose electrophoresis as described previously [13] . The presence of a methylated band was recorded as 'positive' for BRCA1 PM.
BRCA1 gene expression. BRCA1 expression was measured using NanoString Technologies gene expression assays, following the manufacturer's protocol.
Statistical analyses. Disease-free survival was defined as the time from registration to first invasive recurrence (local, regional, or distant), to new primary cancer in the contralateral breast, or to death due to any cause. OS was defined as time from registration to death from any cause. Patients were censored on the date of last contact if an event had not been observed. Survival curves were assessed by the Kaplan-Meier method and unadjusted survival comparisons conducted using log-rank tests. The markers were tested for prognostic effect on DFS and OS using a Cox regression model with adjustment for randomized treatment assignment and nodal status. All reported P-values and confidence intervals (CIs) are from two-sided tests.
Results

Identification of the study population
The selection process of the 425 TNBC samples from S9313 is provided in supplementary Figure S1 , available at Annals of Oncology online. We have reported previously that the DFS and OS for patients with and without archived tissue specimens were similar in this trial [22] .
Patient demographics
Demographic and clinical characteristics of the 425 TNBC patients are described in supplementary Table S1 , available at Annals of Oncology online. Median age was 45 years, and 33% had lymph node-positive disease. At a median follow-up of 12.6 years, there were 166 DFS and 129 OS events.
Biomarker results availability
HRD status, which depends on both BRCA mutation status and HRD score, could be determined in 89% (379/425) of patients. BRCA1 PM results were determined in 82% (348/425) of patients (see supplementary Figure S2 , available at Annals of Oncology online, for details). There was no difference in DFS by HRD status known or not known (log-rank P ¼ 0.97) or by BRCA1 PM status known or unknown (P ¼ 0.86). Similarly, there was no difference in OS by HRD status known or not known or by BRCA1 PM status known or not known (P ¼ 0.75 for both).
Association of HRD status with outcome
For patients with available HRD status results, 27% (105/379) demonstrated tumor BRCA mutation (BRCA1 ¼ 81, BRCA2 ¼ 23, BRCA1 and BRCA2 ¼ 1) and another 40% (150/ 379) demonstrated HRD score 42 with wild-type BRCA1/2. Taken together, 67% (255/379) of patients had positive HRD status (HRD score 42 or presence of tumor BRCA mutation), and 33% (124/379) of patients had negative HRD status (HRD score <42 and absence of tumor BRCA mutation).
Positive HRD status was associated with a better DFS [hazard ratio (HR) ¼ 0.72; 95% CI 0.51-1.00, P ¼ 0.049] and nonsignificant trend toward better OS (HR ¼ 0.71; 95% CI 0.48-1.03, P ¼ 0.073), adjusting for treatment arms and nodal status (Table 1 and Figure 1A and B). We also considered whether the association of HRD status with outcomes was constant over the follow-up period. A test of the proportional hazards assumption of the Cox model suggested that all three covariate HRs (HRD status, Table 1 ).
Association of tumor mutation status with outcome
Tumor BRCA mutation status was positive in 25% (105/412) of patients. Tumor BRCA mutation status (mutant or wild-type) did not impact DFS (P ¼ 0.59) or OS (P ¼ 0.90), adjusting for nodal status and treatment (Figure 2A and B) .
Association of BRCA1 PM with outcome
The presence of BRCA1 PM was detected in 32% (111/348) of patients. Although the DFS HR for BRCA1 PM was similar to that for HRD, it was not statistically significant (HR ¼ 0.79; P ¼ 0.25). OS had similar results ( Figure 2C and D) .
Association of BRCA1 PM with BRCA1 mRNA expression BRCA1 mRNA expression results were available for 396/425 (87%) samples, and both BRCA1 PM and BRCA1 expression data Original article
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were available from 330 samples. As expected, the presence of BRCA1 PM was associated with lower BRCA1 transcript expression (Wilcoxon P < 0.0001) (supplementary Figure S3 , available at Annals of Oncology online).
Association of HRD score with tumor BRCA1/2 mutation and BRCA1 promoter methylation Supplementary Table S2 , available at Annals of Oncology online, provides the overlap between HRD score, BRCA1 PM, and tumor BRCA mutation. Compared with tumors without BRCA1/2 mutation, tumors with BRCA1/2 mutation demonstrated higher HRD scores (median HRD score was 61 for tumors with BRCA mutation vs. 47 for tumors without BRCA mutation, P < 0.0001) (supplementary Figure S4A , available at Annals of Oncology online). Similarly, compared with tumors without BRCA1 PM, tumors with BRCA1 PM demonstrated higher HRD scores (median HRD score 66 for tumors with BRCA1 PM versus 43 for tumors without BRCA1 PM, P < 0.0001) (supplementary Figure  S4B , available at Annals of Oncology online). BRCA1/2 mutation and BRCA1 PM collectively accounted for 83% (187/255) of patients with positive HRD status. There was very little overlap between BRCA1/2 mutation and BRCA1 PM. Out of 346 samples for which both BRCA1/2 mutation and BRCA1 PM data were available, only 3% (n ¼ 11) demonstrated both mutation and methylation (all 11 demonstrated HRD score 42).
Discussion
In this study, we observed that two-thirds of TNBC patients treated with adjuvant AC in S9313 exhibited HRD positivity (based on the HRD score and tumor BRCA mutation). Patients with positive HRD status had better 10-year DFS compared to those with negative HRD status (HR ¼ 0.72). The prognostic impact of HRD status was independent of nodal status and seemed to be more pronounced for the first 5 years (5-year DFS HR ¼ 0.57). We further observed high HRD score (42) in more than half (55%) of tBRCA wild-type patients, and high HRD score in these patients was independently associated with better DFS (HR ¼ 0.64) and OS (HR ¼ 0.65), thus confirming that HR deficiency mediated by mechanisms other than BRCA mutation is present in a substantial proportion of TNBC and is likely to be biologically, and perhaps clinically, important. Tumor BRCA1/2 mutation was noted in 25% of our cohort. Due to lack of availability of germline DNA, we could not determine whether these mutations were germline or somatic in nature. However, this BRCA mutation prevalence is consistent with known literature. Previous studies have demonstrated germline BRCA1/2 mutations in 15%-20% and somatic BRCA1/2 mutations in 3%-5% of unselected TNBC [9, 10, 23] . Tumor BRCA mutation status was not prognostic in our cohort, (perhaps due to relatively modest number of patients with BRCA mutation), a finding which is also consistent with previous studies [24, 25] . Given the prevalence of BRCA mutation, this patient cohort was probably at high risk for other BRCA-related cancers. However, information on contralateral breast cancer or other non-breast cancer (e.g. ovarian) related deaths are not currently available, thus we cannot comment on the potential impact of these events on long-term DFS. BRCA1 PM was associated with lower BRCA1 mRNA expression (corresponding to epigenetic silencing of BRCA1 gene) and was associated with higher HRD scores. Several prior studies have evaluated BRCA1 PM in TNBC patients treated with various chemotherapy regimens, showing conflicting prognostic impact [13, 26, 27] . In this large, uniformly treated TNBC patient population, we did not observe a prognostic impact of BRCA1 PM on outcome. There was a notable lack of overlap between BRCA mutation and BRCA1 PM, supporting the notion that mechanisms of gene function loss appear to be non-redundant and invoke the principle of complementarity.
In an exploratory analysis, the combined effect of BRCA mutation and BRCA1 PM on outcome was not found to be prognostic (data not shown). Thus, HRD score/status continues to be a more robust prognostic factor even if BRCA mutation and methylation status are known, indicating that BRCA mutation and methylation do not capture all of the patients with HR deficiency.
These data were derived from a mature, prospective randomized clinical trial, obviating concerns about bias in outcome ascertainment. Further, our results demonstrate that formalinfixed paraffin-embedded tumor tissue collected > 20 years ago as part of an intergroup trial can be successfully used for DNA-and RNA-based biomarkers. However, the study does have certain limitations. All patients received adjuvant AC chemotherapy, without an untreated or alternatively treated comparator arm. Thus, we cannot determine whether HRD is prognostic in spite of or predictive of benefit from AC chemotherapy. Furthermore, we cannot remark on whether HRD would predict benefit from taxanes, which are currently part of all standard neo/adjuvant chemotherapy for breast cancer. Recent data do suggest that positive HRD status is associated with improved pathological complete response to neoadjuvant anthracycline plus taxane chemotherapy and also to platinum-based chemotherapy [17, 28] . Although we show that the prognosis of patients with high HRD is superior to those with low HRD, currently there are insufficient data to with hold or select other treatments, such as taxanes or platinum agents, based on HRD status.
In summary, HRD status is prognostic in TNBC patients who were uniformly treated with AC chemotherapy. The clinical utility of HRD in the presence of DNA-damaging therapy like anthracyclines, platinum salts, and poly(ADP-ribose) polymerase (PARP) inhibitors is the subject of ongoing investigations. Neoadjuvant clinical trials (NCT01982448 and NCT02032277) are evaluating the ability of this HRD assay to predict pathological complete response with platinum, taxane, or AC/taxane chemotherapy in TNBC. SWOG S1416 (NCT02595905) is using multiple HRD biomarkers to predict benefit from addition of a PARP inhibitor to platinum chemotherapy in metastatic TNBC. Our study demonstrates the clinical validity of the HRD assay; additional studies are warranted to further refine and establish the clinical utility of HR deficiency in TNBC [29] .
